Although circulating tumor necrosis factor (TNF)-␣ levels have been found to be increased in weight-losing patients with chronic obstructive pulmonary disease (COPD), the main causes for this phenomenon remain to be elucidated. Since hypoxia itself can enhance the production of the TNF-␣ in vitro , we studied the relationship between hypoxemia and activities of the TNF-␣ system, including circulating TNF-␣ and soluble TNF-receptors (sTNF-R; sTNF-R55 and -R75) levels, in 27 COPD patients and 15 agematched healthy controls. The COPD patients showed a significant weight loss (body mass index ϭ 18.1 Ϯ 2. TNF-␣ levels correlated well with sTNF-R levels (sTNF-R55: r ϭ 0.488, p ϭ 0.0127; sTNF-R75: r ϭ 0.609, p ϭ 0.0019). These relationships were not observed in the healthy controls. These data suggest that systemic hypoxemia noted in patients with COPD is associated with activation of the TNF-␣ system in vivo , which may be a factor contributing to the weight loss in patients with the disease.
Unexplained weight loss is common in patients with chronic obstructive pulmonary disease (COPD) (1, 2) . Several studies have reported that tumor necrosis factor (TNF)-␣ , a multifunctional cytokine, may play a potential role in the weight loss noted in COPD patients as well as in other cachexic patients with chronic wasting diseases (3) (4) (5) (6) (7) (8) (9) (10) . Although circulating TNF-␣ levels were increased in COPD patients, the main causes of this phenomenon remain to be clarified (9, 10) . Since no direct correlations between circulating TNF-␣ levels and weight loss were found in patients with COPD, unidentified factors that could interfere with both the TNF-␣ system and cachexia in COPD patients have been considered (9, 10) .
Recently, it has been suggested that tissue hypoxia (less than 10% O 2 exposure) markedly induces the local expression of inflammatory cytokines, including TNF-␣ and interleukin (IL)-1, and that overproduction of these cytokines plays pathophysiologic roles in clinical disorders, such as preeclampsia (11) or ischemic brain injury (12) . Exposure to hypoxia (10 to 12% O 2 ) potentiates the deleterious effects of the adult respiratory distress syndrome (ARDS) (13, 14) . Experimentally, hypoxia (1% O 2 or less) accelerates TNF-␣ production in lipopolysaccharide (LPS)-stimulated human alveolar macrophages (AM) (15) , peripheral blood mononuclear cells (16) , and in the human macrophage cell line THP-1 (17) . Although hypoxic mechanisms of regulation of these cytokines have been delineated in in vitro studies, the question of whether the systemic hypoxemia observed in COPD patients could have influences on the production of these cytokines in vivo has not been extensively studied.
Against this background, we tested the hypothesis that systemic hypoxemia observed in patients with COPD might contribute to activation of the TNF-␣ system and therefore cause weight loss. We also evaluated the circulating levels of two kinds of soluble TNF-receptor (sTNF-R) in patients with COPD, since both of these kinds of sTNF-R are known to serve as sensitive, reliable markers for monitoring the activity of the TNF-␣ system (18, 19) . Investigating this hypothesis may provide profound insight into the pathophysiology of the cachexia observed in patients with COPD.
METHODS

Study Population
The study population consisted of 27 male patients with COPD diagnosed according to the criteria of the American Thoracic Society (20) . Their irreversible chronic airflow obstruction was confirmed by spirography. The patients had been clinically stable for at least 3 mo, and lacked clinical signs of exacerbation. Patients who had conditions known to affect serum TNF-␣ levels, such as infection, heart failure, cancer, or collagen vascular diseases were strictly excluded (3) (4) (5) (6) (7) (8) . C-reactive protein levels in the COPD patients were not increased, and the patients were not receiving any nutritional support therapy. Eight patients in the study were receiving supplemental oxygen, and the oxygen was discontinued approximately 1 h before the study began.
Fifteen age-matched health male volunteers were studied as control subjects. These control subjects had no medical illnesses, had normal results of physical examination and normal peripheral blood counts and blood chemistry findings, and showed no symptoms or signs of infection at the time of study.
After an overnight fast, all subjects had anthropometric measurements made and were tested for body composition with bioelectric impedance analysis, using an instrument and software made by the Omron Corporation (HBF-301; Tokyo, Japan) (21) . Percent of normal body weight (% of normal BW) was calculated on the basis of the 1995 National Nutritional Assessment made by the Japanese Ministry of Health and Welfare (21) . Informed consent was obtained from all subjects in the study.
Pulmonary Function Testing
FVC and FEV 1 were measured with standard spirometric techniques (CHESTAC-25 part II EX; Chest Corp., Tokyo, Japan). The highest value from at least three spirometric maneuvers was used. Reference values were those proposed by Quanjer and colleagues (22) . Arterial blood gas tensions were analyzed with the subject breathing room air ( Received in original form March 1, 1999 and in revised form October 7, 1999 ) Supported in part by grant 09670597 from the Ministry of Education, Science, Sports and Culture, Japan.
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while in the sitting position (280 Blood Gas System; Ciba Corning Diagnostics Corp., Medfield, MA).
Determination of Serum TNF-␣ and Plasma sTNF-R Levels
Blood samples were collected from the subjects' cubital vein after an overnight fast. Both serum and plasma were separated from blood cells by centrifugation at 1,000 ϫ g for 5 min. All samples were stored at Ϫ 70 Њ C until analyzed.
Serum TNF-␣ and plasma sTNF-R55 and sTNF-R75 concentrations were measured in duplicate with enzyme-linked immunosorbent assay (ELISA) kits (Quantikine; R&D Systems, Minneapolis, MN) (23, 24) . Briefly, a microtiter plate was coated with a murine monoclonal antibody specific for TNF-␣ , sTNF-R55, or sTNF-R75. Standards and samples were added to individual wells. After several washes to remove unbound proteins, an enzyme-linked (conjugated to alkaline phosphatase for TNF-␣ and to horseradish peroxidase for sTNF-R) polyclonal antibody specific for TNF-␣ , sTNF-R55, or sTNF-R75 was added to the wells. After several additional washes to remove unbound antibody-enzyme reagent, a substrate solution (lyophilized nicotinamide adenine dinucleotide phosphate for TNF-␣ , and hydrogen peroxide and tetramethylbenzidine for sTNF-R) was added. For the measurement of TNF-␣ , amplifier solution (lyophilized amplifier enzymes) was added (high-sensitivity kit). The reaction was stopped with 2 N sulfuric acid. The color generated by the reaction was quantitated with a spectrophotometric microtiter plate reader (Model 450; Bio-Rad, Richmond, CA) by measuring the optical density at 490 nm for TNF-␣ and 450 nm for sTNF-R. The three measurements were specific for the particular analytes, and there was no cross-reactivity.
Statistical Analysis
Because the normality hypothesis was not always fulfilled for most of the variables investigated, except for height, statistical analysis of differences between the two study groups was done with the MannWhitney U test for nonparametric data. The relations between continuous variables were evaluated with Spearman's rank correlation technique. Results are expressed as mean Ϯ SD. Significance was determined at the 5% level. Statistical analysis was done with the Statview Statistical Package (Statview, Inc., Berkeley, CA).
RESULTS
Characteristics of the Study Population
Clinical characteristics and serum TNF-␣ and plasma sTNF-R levels of both the COPD patients and the healthy controls are summarized in Table 1 . The COPD patients had significantly lower values of BW, body mass index (BMI), and percent body fat (% fat) than did the control subjects. The COPD patients also had airflow limitation, decreased values of Pa O2 , and increased values of Pa CO 2 . The control subjects had normal arterial blood gas values, and normal values for % FVC and % FEV 1 on spirography. We found that serum TNF-␣ and plasma sTNF-R55 and sTNF-R75 concentrations in the COPD patients were significantly higher than those of the healthy controls.
Correlations between Pa O 2 Levels and the TNF-␣ System in COPD Patients
We investigated the relationships between Pa O2 and levels of TNF-␣ and sTNF-R55 and Ϫ 75 as continuous variables (Table 2). Inverse relationships between Pa O2 and serum TNF-␣ or plasma sTNF-R levels were found in the COPD patients (TNF-␣ : r ϭ Ϫ 0.426, p ϭ 0.0297; sTNF-R55: r ϭ Ϫ 0.587, p ϭ 0.0027 [ Figure 1A ]; sTNF-R75: r ϭ Ϫ 0.573, p ϭ 0.0035 [ Figure  1B] ). In addition the levels of TNF-␣ and sTNF-R55 and -R75 in COPD patients whose Pa O2 levels were below 60 mm Hg (n ϭ 10) were significantly higher than those of COPD patients whose Pa O2 levels were above 60 mm Hg (n ϭ 17) (Table 3). Further, we found inverse correlations between levels of both sTNF-R55 and -75 and % fat in patients with COPD (sTNF-R55: r ϭ Ϫ 0.442, p ϭ 0.0272 [ Figure 2A ]; sTNF-R75: r ϭ Ϫ 0.484, p ϭ 0.0155 [ Figure 2B] ). Serum TNF-␣ levels cor- Definition of abbreviations: sTNF-R55 ϭ soluble tumor necrosis factor-receptor-55; sTNF-R75 ϭ soluble tumor necrosis factor receptor-75; TNF-␣ ϭ tumor necrosis factor-␣.
Correlations were evaluated with Spearman's rank correlation technique.
related well with plasma sTNF-R levels (sTNF-R55: r ϭ 0.488, p ϭ 0.0127; sTNF-R75: r ϭ 0.609, p ϭ 0.0019). No significant correlations between any of these variables and any other were observed in healthy controls.
Subgroup Analyses of the COPD Patients
In order to examine the hypothesis that activation of the TNF-␣ system by systemic hypoxemia may relate to the general BW loss and/or cachexia in patients with COPD, we divided our COPD patients into two groups according to their nutritional status (Table 4) . One group consisted of relatively malnourished patients with COPD (n ϭ 13, % fat Ͻ 16%), the other consisted of relatively normally nourished patients with COPD (n ϭ 13, % fat Ͼ 16%). We took % fat rather than BMI, as a standard with which to assess nutritional status because BMI is a less accurate and reliable measurement for clinical assessment of body composition than is % fat (25, 26) . We used 16%
fat as a cutoff value because of the balance that was required for the statistical analysis. Levels of both sTNF-R55 and -R75 were significantly higher in malnourished COPD patients than in normally nourished COPD patients, although the differences in the two groups' TNF-␣ and Pa O2 levels did not reach statistical significance. However, trends toward higher TNF-␣ and lower Pa O2 levels were observed in malnourished COPD patients. The malnourished COPD patients (n ϭ 13, % fat Ͻ 16%) were further divided into two groups according to their Pa O2 levels (Table 5 ). Group A consisted of patients whose Pa O2 levels were over 60 mm Hg (n ϭ 7, % fat Ͻ 16%). Group B had Pa O2 levels below 60 mm Hg (n ϭ 6, % fat Ͻ 16%). TNF-␣ and sTNF-R55 and -R75 levels were significantly higher in Group B than in Group A. The normally nourished COPD patients (n ϭ 13, % fat Ͼ 16%) were similarly divided into two groups (Table 6 ). Group C (n ϭ 6, % fat Ͼ 16%, Pa O2 Ͼ 70 mm Hg) and Group D (n ϭ 7, % fat Ͼ 16%, Pa O2 Ͻ 70 mm Hg). We used 70 mm Hg as a cutoff value for PaO 2 because a balance was required for the statistical analysis. The mean levels of TNF-␣, sTNF-R55, and sTNF-R75 were higher in Group D than in Group C, although there was no statistically significant difference between the two groups in these variables.
In general, the results of subgrouping of the COPD patients were consistent with our hypothesis that systemic hypoxemia might contribute to activation of the TNF-␣ system, and might therefore relate to malnutrition in COPD patients.
DISCUSSION
The purpose of this study was to investigate the effect of chronic hypoxemia on activation of the TNF-␣ system in patients with COPD. We found inverse correlations between Pa O2 levels and the TNF-␣ system in terms of circulating TNF-␣ and sTNF-R levels in patients with COPD. These results suggest that systemic hypoxemia per se is associated with activation of the TNF-␣ system in patients with COPD. Moreover, the COPD patients in our study were clinically stable and showed no clinical signs of exacerbation of COPD from infection or heart failure.
In this study, the inverse correlation between Pa O2 and circulating TNF-␣ levels was less profound than that between Pa O2 and circulating sTNF-R levels in patients with COPD. Biologically active TNF-␣ is difficult to detect because of its short half-life (approximately 6 to 7 min), the formation of complexes with sTNF-R, and its renal clearance (18, 19) . As compared with TNF-␣, circulating sTNF-R levels are more sensitive markers for monitoring the activity of the TNF-␣ system, because the clearance of circulating sTNF-R is relatively slow (18, 19) . In addition, Scannell and coworkers (17) showed that exposure of THP-1 cells to nonlethal levels of hypoxia (1% O 2 ) causes rapid release of TNF-␣ and sTNF-R in vitro. The pattern of release of TNF-␣ is biphasic, and its level starts to decline about 18 h after hypoxic exposure, whereas sTNF-R is released at a constant rate in a time-dependent manner. Taken together, our findings suggest that systemic hypoxemia itself is associated with activation of the TNF-␣ system in vivo in patients with COPD.
The hypoxic induction of the TNF-␣ system observed in several experiments done with cell culture systems (15) (16) (17) may not be directly applicable to COPD patients because of the intense hypoxic environment in cell culture studies (1% O 2 exposure or less), and because of a multitude of interacting and uncontrollable factors in the "intact organism" (i.e., humans with COPD). In addition, tissue hypoxia can be prevented by increasing cardiac output and shifting the oxygenhemoglobin dissociation curve (27) (28) (29) , with the result that the levels of hypoxemia seen in our COPD patients may not have been associated with tissue hypoxia to the point at which activation of the TNF-␣ system was documented in several experimental studies (15) (16) (17) .
Nonetheless, several considerations warrant further discussion. First, when systemic arterial blood reaches the tissue capillaries, a substantial decrease in PO 2 occurs as oxygen passes to cells (and ultimately to the mitochondria, where oxygen is utilized), essentially by passive diffusion (the process known as the oxygen cascade) (27) (28) (29) . Although the reduction in PO 2 for tissues or cells seems to be far less in COPD patients than observed in the several experiments done with cell culture systems (15) (16) (17) , any decrease in Pa O2 levels must be reflected in a reduced tissue PO 2 in the oxygen cascade (27) (28) (29) . Second, since the cytologic environment is considerably different in vivo and in vitro, the hypoxic response in the two settings is not necessarily equivalent. For example, although the tissue PO 2 differs throughout the body, the PO 2 , at least in some cells, is as low as 1 to 5 mm Hg, even under the physiologic conditions present in healthy subjects (27) (28) (29) . This level is similar to those found with intense hypoxic exposure in experimental cell studies (15) (16) (17) . This may suggest that the baseline level of oxygen tension is already different under the two sets of circumstances, and that oxygen sensitivity is considerably different between the two. Third, hypoxia may be enhanced rather than compensated in tissues, since the oxygen cascade can be influenced by numerous factors occurring in pathologic states such as COPD (27) (28) (29) . For instance, impairment of microcirculation, altered levels of metabolism in tissues, and imbalance between the volumes of intra-and extravascular fluid can all enhance tissue hypoxia (27) (28) (29) . Additionally, hypoxemia may activate other systems, which may or may not interact with the TNF-␣ system (30, 31) . All of these effects may combine to enhance the effect of chronic hypoxemia on activation of the TNF-␣ system in patients with COPD.
We found inverse correlations between both sTNF-R levels and % fat in our COPD patients, although the relationship between TNF-␣ levels and % fat in these patients did not reach statistical significance. TNF-␣ is known to be involved in adipose tissue waste and loss of skeletal muscle protein, leading to cachexia (4) . That serum TNF-␣ levels correlated well with plasma sTNF-R levels in our COPD patients may suggest that the endogenous activation of the TNF-␣ system caused by chronic hypoxemia plays at least a partial role in forcing the metabolic balance of adipose tissue and skeletal muscle toward the catabolic side in patients with COPD (4).
The findings in our subgroups of COPD patients are consistent with our hypothesis that activation of the TNF-␣ sys- Definition of abbreviations: sTNF-R55 ϭ soluble tumor necrosis factor-receptor-55; sTNF-R75 ϭ soluble tumor necrosis factor receptor-75; TNF-␣ ϭ tumor necrosis factor-␣.
Values are given as mean Ϯ SD. * n ϭ 13; % fat Ͻ 16%. † Mann-Whitney U-test. Definition of abbreviations: sTNF-R55 ϭ soluble tumor necrosis factor-receptor-55; sTNF-R75 ϭ soluble tumor necrosis factor receptor-75; TNF-␣ ϭ tumor necrosis factor-␣.
Values are given as mean Ϯ SD. * n ϭ 13; % fat Ͼ 16%. † Mann-Whitney U-test.
tem by systemic hypoxemia may relate to the general BW loss and/or cachexia in patients with COPD, although the numbers of COPD patients in each subgroup were relatively small. However, more significant differences in circulating TNF-␣ and sTNF-R levels were observed in malnourished COPD patients (Table 5 ) than in normally nourished COPD patients (Table 6 ). These results may suggest that the effect of chronic hypoxemia on activation of the TNF-␣ system is more prominent in malnourished COPD patients.
The genes for the inflammatory cytokines TNF-␣ and IL-1 can be included in a growing number of genes regulated by low O 2 tension (32). A potential explanation for this regulation is that hypoxia alters the transcriptional levels of these genes by unknown mechanisms (11, 12, 15, 32) . Human AM (15) , peripheral blood mononuclear cells (16) , and monocytic cells lines (17) incubated under hypoxic conditions exhibit increased TNF-␣ and IL-1␤ synthesis. Hypoxic endothelial cells are also known to produce IL-1␣ (33), IL-6 (34), and IL-8 (35) . This hypoxia-enhanced production of proinflammatory cytokines acts collectively to produce leukocyte-mediated tissue damage in sites of ischemic injury (33) (34) (35) . The production site of TNF-␣ in COPD patients was not investigated in our study. Mononuclear cells may be the source of the TNF-␣, since hypoxemia induces marked alterations in the immune system, and because mononuclear cells are especially sensitive to hypoxemia in healthy subjects (36) .
In conclusion, we found inverse correlations between Pa O2 levels and the TNF-␣ system in terms of circulating TNF-␣ and sTNF-R levels in patients with COPD. In addition, we found inverse correlations between sTNF-R levels and % fat in the COPD patients in our study. The results of this study may suggest that systemic hypoxemia activates the TNF-␣ system, and that the activated TNF-␣ system contributes to the cachexic status noted in patients with COPD, although causal relationships between these events were not demonstrated in the present study. We believe that these relationships are associated with a variety of pathophysiologic features of COPD through the multifunctional effects of the activated TNF-␣ system.
Critique of Methods
In Figure 2A , three data points above 1,500 pg/ml for sTNF-R55 appear to be outliers, without which very little correlation would seem to remain. This is also true for two data points in Figure 2B , for sTNF-R75 above 5,000 pg/ml. To investigate these observations we evaluated the correlation without the three data points above 1,500 pg/ml in Figure 2A . The correlation remained unchanged (r ϭ Ϫ0.500, p ϭ 0.0191). A similar result was obtained without the two data points above 5,000 pg/ml in Figure 2B (r ϭ Ϫ0.492, p ϭ 0.0182).
The values for TNF-␣, sTNF-R55, and sTNF-R75 in the present study are consistent with those in several other studies of these substances (7, 9, 37, 38) .
The physiologic significance of the slightly increased TNF-␣ levels in our COPD patients is difficult to explain, but there are several possible explanations. First, TNF-␣ exerts its effect at least partly in a paracrine/autocrine fashion in each tissue, and there is no significant correlation between TNF-␣ levels at local sites and in the systemic circulation (39) . It may be that circulating TNF-␣ is spilled into the systemic circulation from the TNF-␣-producing tissues or cells of COPD patients (40) . Second, weight loss in COPD patients tends to develop very slowly. Although TNF-␣ levels are slightly increased, persistent elevation of circulating TNF-␣ levels may have unknown chronic effects on metabolic abnormalities in COPD patients.
